Existing simulation methods are not able to determine in detail the wave loads on and the motions of a complex subsea structure when it is passing through the splash zone. To determine these loads and motions, model tests are necessary. Otherwise only simplified formulations or empirical relations for added mass and damping can be used. The improved Volume Of Fluid (iVOF) method presented in this paper is capable of predicting the behaviour of a subsea structure in the splash zone. The simulated flow around and through the structure looks very realistic and shows a strong resemblance with observations from model tests. The quantitative comparison of the load variations in the hoist wire of the subsea structure shows that the total load levels and dynamics of the subsea structure are well predicted. This good comparison shows the potential of the improved Volume Of Fluid (iVOF) method for the simulation of the behaviour of subsea structures in the splash zone. However, significant further development is needed before long simulations in irregular waves can be carried out. At the moment, the method is limited to short runs (regular waves) because of the long simulation times required at the moment.
INTRODUCTION
For the development of deep and ultra deep fields, the safe and economical installation of subsea equipment is of vital importance. The practically continuous swells West of Africa result in significant motions of the installation vessels, in other areas the possible wind seas can induce significant wave loads on the subsea structure when it is lowered through the splash zone.
These subsea structures have a large variety of shapes and their shape is typically very complex, see Figure 1 .
Consequently, the prediction of the motions and loads during the installation is not an easy task. The state-of-the-art approach for the evaluation of such operations is based on time domain simulations of the combined installation vessel and subsea structure. However, with the existing simulation methods it is impossible to determine in detail the wave loads during the passage through the splash zone, the hydrodynamic reaction forces when the subsea structure is submerged or close to the seabed, and the resulting motions. In order to determine these loads and motions, model tests are necessary. Otherwise only simplified formulations or empirical relations for added mass and damping can be used. The present paper presents a new methodology, which was initially developed for the simulation of sloshing in tanks and green water loading on the deck of ships (Reference [1] ). This improved Volume Of Fluid (iVOF) method is able to simulate the non-linear wave loads and hydrodynamic reaction forces on moving structures in the wave zone, including the flow in and out of the structure. The total hydrodynamic loads on the structure are input to a time domain simulation method
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for the computation of coupled motions of a crane vessel and load. The resulting motions are again used as input to the iVOF method (prescribed motion in iVOF). This closed loop enables the computation of the subsea structure motions, including the effects of non-linear wave loads and reaction forces. The present paper focuses on the validation of the coupled tool. The results of model tests will be used for this purpose. The paper first describes the improved Volume Of Fluid (iVOF) method included in the ComFLOW program and the time domain simulation method for the computation of the coupled motions of crane vessel and subsea structure (LIFSIM). Then results of simulations with a typical subsea structure in the splash zone are presented. A comparison is made with results of dedicated model tests with the same structure. The comparison gives good insight in the special capabilities of the method.
THE IMPROVED VOLUME OF FLUID (IVOF) METHOD
ComFLOW is an improved Volume Of Fluid (iVOF) CDF code based on the Navier-Stokes equations. The program has been developed by the University of Groningen/RuG (Prof. Dr. Arthur Veldman), initially to study the sloshing of liquid fuel in satellites. This micro-gravity environment requires an accurate and robust description of the free surface. Coupled dynamics between the sloshing fluid and the satellite were investigated as well (References [2] and [3] ). In close cooperation with MARIN, this methodology was later extended to the calculation of green water loading on a fixed bow deck (Reference [4] ), see Figure 2 and later to green water loading on a moving bow deck (Reference [10] ). Also anti-roll tanks, including the coupling with ship motions (Reference [5] ), were investigated and the wave run up on gravity based structures (Reference [9] ). The Volume Of Fluid (VOF) algorithm as developed by Hirt and Nichols (see Reference [7] ) is used as a basis for the fluid advection. The method solves the incompressible NavierStokes equations with a free-surface condition on the free boundary. In the VOF method a VOF function F (with values between 0 and 1) is used, indicating which part of the cell is filled with fluid. The VOF method reconstructs the free surface in each computational cell. This makes it suitable for the prediction of all phases of the local free surface problem.
First the mathematical and numerical model will be summarised. This will be limited to the main aspects, because the detailed numerical aspects are outside the scope of the present paper. Excellent overviews of the numerical details of the method can be found in References [2] through [4] . To distinguish between the original VOF method of Hirt and Nichols (1981) and the present method with its extensive number of modifications, the name improved-VOF (iVOF) method will be used in the rest of this paper.
Mathematical Model
The incompressible Navier-Stokes equations describe the motions of a fluid in general terms. They are based on conservation of mass (Expression 1) and momentum (Expressions 2 through 4).
is an external body force, such as gravity.
with: p = pressure t = time u = velocity in x-direction v = velocity in y-direction w = velocity in z-direction x = x-position y = y-position z = z-position ν = kinematic viscosity ρ = fluid density.
The Navier-Stokes equations can also be written in a shorter notation as:
Here, R ur contains all convective, diffusive and body forces.
Numerical Model: Geometry And Free Surface Description
The generation of a computational grid can be done in a number of ways. Basically, the following options are available:
• Structured and unstructured grids.
• Boundary fitted and non-boundary fitted grids.
In the iVOF method a structured (Cartesian) nonboundary fitted grid (not necessarily equidistant) is used. This has several advantages, related to the application of the method to the prediction of wave loading:
• Easy generation of the grid around complex structures.
• Finite differences are well defined.
• A lot of research on surface tracking on orthogonal grids has been carried out.
• Moving objects in the fluid can be dealt with in a similar way as fixed boundaries, without re-gridding.
The main disadvantage of this discretisation method is the fact that the boundary and free surface are generally not aligned with the gridlines. This requires special attention in the solution method, as will be shown below.
An indicator function is used (volume and edge apertures) to track the amount of flow in a cell and through a cell face:
• Volume aperture: the geometry aperture After the apertures have been assigned to the grid cells and the cell edges, every cell is given a label to distinguish between boundary, air and fluid. Two classes of labelling exist: Geometry cell labels and fluid cell labels. The geometry labelling at each time step divides the cells into three classes: Figure 4 shows an example of geometry cell labelling and free-surface cell labelling for a wedge entering a fluid.
The discretisation of the Navier-Stokes equations is done on a staggered grid, which means that the pressure is set in the cell centres and the velocity components in the middle of the cell faces between two cells. This is shown in a 2-dimensional case in Figure 5 . The Navier-Stokes equations are discretised in time according to the explicit first order Forward Euler method as follows:
n 1 n u u n n 1 p R ∆t + − + + ∇ = r r ur (8) ∆t is the time step and n+1 denotes the new and old time level. The conservation of mass in Expression (7) and the pressure in Expression (8) are treated on the new time level n+1 to assure that the new u r is divergence-free (no loss of fluid).
The spatial discretisation will now be explained using the computational cell shown in Figure 6 . Expression (7) is applied in the centres of the cells and a central discretisation is used. In the cell with centre w the discretised equation becomes:
The momentum Expression (8) is applied in the centres of the cell faces, thus the discretisation in point C becomes:
In the detailed work of Gerrits (Reference [3] ) other aspects of the numerical method are described in detail, such as: It should however be realised that, although the Navier Stokes equation are discretised, the iVOF method is not able to predict viscous flow effects. These types of predictions require extremely small grid cells to capture boundary layers and to reduce numerical damping far below the viscous damping level. This cannot be accomplished at the moment due to restrictions on memory and computational time.
An extension of the method with a 2 nd phase is presently being implemented to study for example fluid-air interaction. This can be an important aspect during wave impact.
TIME DOMAIN SIMULATION OF MOTIONS OF OFFSHORE STRUCTURES
The iVOF method has the possibility to have 1 moving object in the flow. The motions of this object have to be prescribed and are not computed by the iVOF method itself. The iVOF method has however the possibility to return the hydrodynamic forces on an object in the flow. By sending this information to a time domain simulation tool for the computation of motions, the motions of the object can be computed. The motions can be returned and prescribed to the iVOF method and the position of the object in the flow can be updated. This means that 2 applications (iVOF and the motion analysis tool) have to run simultaneously and share information during run-time. This has been sketched below: The time-domain analysis tool LIFSIM has been used to establish the coupling with the iVOF method. LIFSIM solves the equation of motion of coupled, multi-body systems. Arbitrary external forces can be defined. This makes it possible to add the hydrodynamic forces from the iVOF method to the equation of motion. LIFSIM has been especially developed to simulate lifting operations. The following items are modelled:
• Motions of the crane vessel.
• Hydrodynamic loads on the crane vessel by means of linear diffraction analysis.
• Motions of the load (subsea structure in this case).
• Hydrodynamic loads on the subsea structure by means of the iVOF method.
• Hoisting arrangement and hoisting forces on the crane vessel and the subsea structure.
Shielding effects between the crane vessel and the subsea structure are not modelled.
SIMULATION AND MODEL TEST RESULTS
The coupled iVOF method has been applied to compute the behaviour of a subsea structure in the splash zone. Specific model tests were carried out to validate the simulations. Figure  7 shows the model of the subsea structure in the model basin. It was build at scale 1:40 and its main dimensions are given in Figure 8 and Table 1 . Two series of tests were carried out:
A. Tests with the subsea structure captive in a force and moment frame to determine the wave exciting loads in 6 degrees of freedom. B. Tests with the subsea structure free-hanging in slings. The hoist wire was connected to a fixed point in the basin. The crane vessel was therefore not modelled. The results of test series A were published in reference [6] .
For the present paper the results for Series B with the free-hanging model in waves are used. Figure 7 shows the model in the basin during these tests. Three different positions of the subsea structure were tested:
1. Subsea structure just above water. 2. Subsea structure half submerged. 3. Subsea structure completely submerged. • Added mass and damping effects of the water under, above and in the subsea structure.
• Buoyancy effects in the waves.
• Impact loads against horizontal plates in the subsea structure.
• Flow through openings in the top and bottom of the subsea structure.
• Complex flow through the equipment of the subsea structure.
• Water captured temporarily in certain parts of the subsea structure.
In the free-hanging situation during the lift, this can result in unwanted oscillations, slack lines and larger vertical loads in the slings than expected.
The numerical model of the subsea structure is shown in Figure 11 . This model was built with basic shapes such as beams, boxes and cylinders. Only one half of the structure was modelled because of symmetry reasons. The computational domain contained a total number of 181x50x78 (= 705900) cells. Figure 10 shows a number of snapshots of the flow around and the motion of the subsea structure in different phases during a simulation in waves. The subsea structure is just above the calm water level. The flow around and through the structure looks very realistic. This also holds for the resulting motions. A strong resemblance with the observation from the model tests is found. Figure 12 shows the simulated and measured hoisting wire forces in case the structure is just above water. The simulations were limited to 2 wave oscillations because the calculation is extremely time consuming. Figure 13 shows a number of snapshots of the flow around and the motion of the subsea structure in different phases during a simulation in waves. The subsea structure is completely submerged in this case. Again, the flow looks very realistic.
The comparison between the simulation and model test is reasonably good. The total load levels are reasonably predicted.
CONCLUSIONS
The improved Volume Of Fluid (iVOF) method presented in the present paper is a potential candidate for the better numerical prediction of the behaviour of a subsea structure in the splash zone. Based on the initial comparison between dedicated model tests and simulations the following conclusions seem justified:
-The simulated flow around and through the structure looks very realistic and shows a strong resemblance with observations from model tests. -The quantitative comparison of the force in the hoist wire shows that the forces on and the dynamic motions of the subsea structure agree reasonably well. The typical hoist wire force variations are captured. The observed differences between the simulation and the measurement are also due to start-up effects in the simulation: Due to the time consuming VOF method, the simulations lasted only 2 wave periods.
This good initial comparison shows the potential of the improved Volumes Of Fluid (iVOF) method for the simulation of the behaviour of subsea structures in the splash zone.
